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In  this  paper  we  report  the  electrosynthesis  of  PVA-protected  PtCo  films  (PVA=  poly(vinylalcohol))  and 
their  activities  towards  the  oxygen  reduction  reaction  (ORR).  PtCo  electrodeposits  were  potentiostat- 
ically  obtained  in  the  presence  and  absence  of  PVA  at  distinct  potentials.  The  film  morphology  and 
composition  were  characterized  by  scanning  electron  microscopy  (SEM)  and  energy-dispersive  X-ray 
spectroscopy  (EDX),  which  revealed  that  the  use  of  PVA  in  the  electrodeposition  of  PtCo  films  was  deci¬ 
sive  to  achieve  better  film  composition  control.  Cyclic  voltammetry  for  PVA-protected  PtCo  films  showed 
that  the  electrochemical  surface  area  is  dependent  on  the  electrodeposition  potentials  and  suggested 
different  adsorption  strengths  of  oxygen-containing  species.  Films  produced  in  the  presence  of  PVA  pre¬ 
sented  the  following  activity  order  towards  ORR  as  a  function  of  the  electrodeposition  potential  (vs. 
Ag/AgCl):  -0.9  V  >  -0.8  V  >  -1 .0  V  >  -0.7  V.  In  contrast,  PtCo  films  electrodeposited  in  the  absence  of  PVA 
displayed  very  similar  activities  regardless  of  the  electrodeposition  potential.  The  simplicity  of  the  elec¬ 
trodeposition  method  combined  with  its  effectiveness  enabled  the  production  of  “model  electrodes”  for 
investigating  the  fundamental  aspects  of  the  reactions  taking  place  in  the  fuel  cell  cathodes. 

©  201 1  Elsevier  B.V.  Open  access  under  the  Elsevier  OA  license. 


1.  Introduction 

Fuel  cells  have  attracted  a  global  attention  in  recent  decades  due 
to  their  high  theoretical  efficiency  and  environmental  compatibil¬ 
ity  [1  ].  However,  some  technical  and  economical  issues,  such  as  the 
poor  kinetics  of  the  cathodic  reaction  (oxygen  reduction  reaction: 
ORR),  excessive  catalyst  loading  and  costs,  must  be  overcome  in 
order  to  make  commercially  viable  fuel  cells.  One  way  to  enhance 
the  cathodic  performance  is  to  alloy  Pt  with  other  metals  such  Co, 
Ni  and  Fe,  since  they  have  presented  good  potential  alternative  as 
Pt-modified  catalysts  for  ORR  kinetics  [2-4].  Among  different  Pt 
alloys,  PtCo  has  been  extensively  studied  since  it  has  higher  elec- 
trocatalytic  activity  towards  ORR  compared  to  other  Pt-based  alloys 
[5,6]. 

Recently,  Woo  et  al.  [7]  galvanostatically  produced  PtCo  cat¬ 
alysts  on  carbon  for  proton  exchange  membrane  fuel  cells 
(PEMFC).  They  found  that  the  electrochemical  method  of  pro¬ 
duction  improved  the  control  of  the  catalyst  layer  thickness 
and  enhanced  the  performance  of  the  tested  cells.  Saejeng  and 
Tantavichet  [1]  prepared  PtCo  catalysts  through  pulse  current 
electrodeposition  onto  pretreated  electrodes.  The  electrochemical 
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mode  and  the  pulse  plating  parameters  did  not  significantly  affect 
the  PtCo  composition.  On  the  other  hand,  the  variation  of  Pt  con¬ 
centration  in  the  electrolytic  bath  led  to  profound  changes  in  the 
Pt/Co  ratio.  The  best  composition,  for  the  studied  parameters,  was 
Pt:Co  82:18.  In  addition,  the  performance  can  be  further  increased 
by  employing  the  electrocatalyst  in  the  nanometric  regime  [8]. 
Electrodeposition  has  proved  to  be  a  very  effective  method  for 
nanomaterial  fabrication  since  it  is  rapid  and  facile,  allowing  easy 
control  of  the  nucleation  and  growth  through  electrode  poten¬ 
tial  manipulation.  The  avoidance  of  a  chemical  reducing  agent 
enhances  the  purity  of  the  particles.  Allied  with  the  use  of  protective 
agents  (e.g.  poly(vinylalcohol)  (PVA)  [9]  and  poly(vinylpyrrolidone) 
(PVP)  [10]),  electrochemistry  has  been  extensively  and  successfully 
employed  in  the  controlled  fabrication  of  nanostructured  materials 
[  1 0-14].  Although  PVA  is  commonly  employed  as  capping  agent,  its 
influence  on  the  stability  of  the  PtCo  alloy  in  acid  solutions  and  on 
the  electrochemical  activity  towards  the  oxygen  reduction  reaction 
is  completely  unknown. 

The  aim  of  this  work  was  to  investigate  the  ORR  in  acid  solu¬ 
tion  at  potentiostatically  prepared  PVA-protected  PtCo  catalysts. 
The  film  morphology  and  composition  were  characterized  by 
scanning  electron  microscopy  (SEM)  and  energy-dispersive  X-ray 
spectroscopy  (EDX),  while  cyclic  voltammetry  was  used  to  evaluate 
the  electrocatalytic  activity  toward  02  reduction.  The  influences  of 
PVA  on  the  film  composition  and  morphology  as  well  as  on  the  ORR 
are  discussed. 
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2.  Experimental 

H2PtCl6,  CoCl2  and  PVA  (MW:  -50.000;  80%  hydrolyzed) 
were  purchased  from  Aldrich  Co.  and  used  without  further 
purification.  The  solution  for  PtCo  film  electrodeposition  con¬ 
sisted  of  3  mmol L-1  H2PtCl6 +  0.11  mol  L_1  CoCl2  +  l%  (w/w) 
PVA  +  0.1  mol  L-1  KC1.  Prior  the  electrodepositions,  a  gold  rotating- 
disk  electrode  (Area  =  0.28 cm2)  embedded  in  PTFE  was  polished 
with  1500  grid  carbide  paper,  followed  by  9[xm  and  3  p,m  alu¬ 
mina.  The  electrode  was  then  sonicated  for  10  min  in  ultrapure 
Milipore/Milli-Q  water  in  order  to  remove  alumina  residues,  fol¬ 
lowed  by  1 0  voltammetric  cycles  in  the  potential  range  0.05  V-l  .8  V 
vs.  reversible  hydrogen  electrode  (RHE)  in  02-free  0.5molL_1 
H2S04  to  remove,  if  any,  remaining  impurities.  All  potentials  are 
referred  to  the  REIE  unless  otherwise  stated.  Films  with  differ¬ 
ent  compositions  were  deposited  onto  the  clean  gold  rotating-disk 
electrode  at  distinct  potentials  of  -0.7  V,  -0.8  V,  -0.9  V  and  - 1 .0  V 
vs.  Ag/AgCl.  A  platinum  sheet  served  as  counter  electrode.  After 
the  electrodepositions  the  rotating  disk  electrode  was  thoroughly 
rinsed  with  ultrapure  water,  inserted  into  a  conventional  three- 
electrode  cell  and  subjected  to  10  voltammetric  cycles  between 
0.05  and  1.0  V  vs.  RHE  at  a  scan  rate  of  50mVs_1  followed  by 
3  cycles  at  20mVs-1  to  remove  impurities  remaining  from  the 
electrodeposition  bath.  The  electrochemical  Pt  surface  areas  of  the 
electrodes  were  calculated  via  the  Hupd  desorption  charge,  con¬ 
sidering  a  conversion  factor  of  210  p,Ccm-2  for  polycrystalline  Pt 
[15,16].  Rotating  disk  electrode  experiments  for  the  oxygen  reduc¬ 
tion  were  conducted  in  an  02-saturated  0.5  mol  L-1  H2S04  at  room 
temperature  (-25  °C).  Potentiodynamic  sweeps  were  carried  out  at 
1 600  rpm  with  a  scan  rate  of  5  mV  s-1 . 

All  electrochemical  measurements  were  carried  out  using  an 
AUTOLAB  30  potentiostat/galvanostat  controlled  by  the  GPES  soft¬ 
ware.  Scanning  electron  microscopy  (SEM)  and  energy-dispersive 
X-ray  spectroscopy  (EDX)  were  conducted  on  a  Zeiss-Leica/440  to 
determine  the  morphology  and  composition  of  the  films.  For  the 
SEM  and  EDX  analyses,  PtCo  films  were  electrodeposited  onto  gold 
sheets  (10  mm  x  10  mm  x  1  mm)  in  a  Teflon  cell  clamped  over  a 
Teflon  covered  Viton  o-ring  under  the  same  above-mentioned  elec¬ 
trodeposition  conditions. 

3.  Results  and  discussion 

3.1.  PtCo  electrodeposition 

Fig.  1  presents  cyclic  voltammograms  (CV)  for  the  gold 
electrode  at  50mVs_1  in  3mmolL_1  H2PtClg +  0.11  mol  L_1 
CoCl2  +  0.1  molL-1  KCl  in  the  absence  (black  line)  and  presence  of 
1%  PVA  (red  line).  A  CV  for  the  gold  electrode  in  02-free  0.1  mol  L-1 
KCl  (supporting  electrolyte)  is  also  presented  for  comparison.  Start¬ 
ing  the  sweep  at  0.5  V  vs.  Ag/AgCl  towards  negative  potentials, 
the  cathodic  currents  between  0.07  V  and  -0.33  V  vs.  Ag/AgCl  are 
higher  than  those  in  the  supporting  electrolyte.  These  currents  are 
due  to  platinum  electrodeposition  [17].  As  the  scan  progressed, 
multiple  cathodic  waves  were  observed  between  -0.33  V  and 
-0.7  V  vs.  Ag/AgCl  in  either  absence  or  presence  of  PVA.  Yasin 
et  al.  [18]  showed  that,  although  the  voltammograms  for  carbon 
and  gold  in  H2PtCl6  displayed  multiple  cathodic  waves,  they  all 
result  from  the  reduction  of  Pt(IV)  to  Pt(0)  and  there  is  no  evidence 
for  Pt(II)  as  a  stable  intermediate  at  any  potential.  The  multiple 
waves  appear  as  a  consequence  of  the  hexachloroplatinic  acid  spe- 
ciation,  since  it  exists  in  solution  as  a  mixture  of  kinetically  inert 
C1-/H20  complexes  [18].  The  reduction  processes  between  -0.33  V 
and  -0.7  V  vs.  Ag/AgCl  in  the  presence  of  PVA  are  shifted  towards 
more  positive  potentials.  This  is  probably  a  consequence  of  the 
chelating  properties  of  the  PVA  [19],  which,  due  to  its  interaction 
with  the  different  Pt  species,  led  to  distinct  reduction  potentials. 


Fig.  1.  Cyclic  voltammograms  for  gold  at  a  scan  rate  of  50mVs_1  in  3mmolL_1 
H2PtCl6  +  0.1 1  mol  L-1  CoCl2  +  0.1  mol  L_1  KCl  with  and  without  1%  (w/w)  PVA. 

Cobalt  electrodeposition  sets  in  at  potentials  negative  to  -0.7  V  vs. 
Ag/AgCl  in  the  PVA-free  solution  (black  line)  and  -0.8  V  vs.  Ag/AgCl 
in  the  PVA-containing  solution  (red  line),  clearly  demonstrating 
that  PVA  affects  the  Co  deposition.  This  is  also  evidenced  by  the 
lower  magnitude  of  the  cathodic  currents  observed  in  the  PVA- 
containing  solution  in  this  potential  range.  Later  we  will  show  that 
the  presence  of  PVA  is  of  pivotal  importance  for  controlling  the 
composition  of  the  film.  During  the  back  scan  the  CV  exhibited  a 
current  crossover  (typical  for  a  nucleation-controlled  process)  and 
the  anodic  currents  between  -0.4  V  and  0  V  vs.  Ag/AgCl  are  related 
to  Co  dissolution.  The  distinct  anodic  potential  peaks  suggest  that 
PtCo  alloys  were  formed  with  different  Pt/Co  ratios.  (For  interpre¬ 
tation  of  the  references  to  color  in  this  paragraph,  the  reader  is 
referred  to  the  web  version  of  the  article.) 

3.2.  SEM  characterization 

Fig.  2  shows  a  series  of  SEM  images  of  PtCo  films  obtained  on 
the  gold  substrate  in  the  PVA-containing  solution  at  distinct  poten¬ 
tials  of  -0.7  V,  -0.8  V,  -0.9  V  and  - 1 .0  V  vs.  Ag/AgCl  maintained  for 
1  min.  At  -0.7  V  vs.  Ag/AgCl  (Fig.  2A)  the  substrate  is  poorly  covered 
with  very  small  nanoparticles  hardly  recognizable  at  this  magnifi¬ 
cation.  The  substrate  scratches  caused  by  polishing  are  still  clearly 
visible  and  the  EDX  analysis  revealed  the  deposited  particles  to  be 
Pt.  Holding  the  potential  at  -0.8  V  vs.  Ag/AgCl  (Fig.  2B)  the  aspect 
of  the  substrate  changes  distinctly  as  Co  was  also  electrodeposited 
(revealed  by  EDX).  A  thin  electrodeposit  layer  covers  the  substrate 
whose  scratches  are  now  less  recognizable.  Decreasing  the  poten¬ 
tial  to  -0.9  V  vs.  Ag/AgCl  (Fig.  2C)  the  Co  deposition  becomes  more 
intense  and  the  characteristic  film  morphology  is  evident.  Similar 
deposit  morphologies  have  been  observed  for  pure  PtCo  on  tita¬ 
nium  [20]  and  pure  Co  on  glassy  carbon  [21  ],  which  further  supports 
the  Co  film  enrichment.  At  -1.0  V  vs.  Ag/AgCl  (Fig.  2D)  the  parti¬ 
cle  size  drastically  decreases  and  the  deposit  layer  takes  over  the 
substrate.  Table  1  presents  the  potential-dependent  film  composi¬ 
tion  determined  by  EDX,  confirming  higher  amounts  of  Co  with 
potential  decrease.  For  comparison,  PtCo  compositions  for  films 
electrodeposited  in  the  absence  of  PVA  are  also  displayed  in  Table  1 . 
It  is  clear  that  a  poor  film  composition  control  is  achieved  in  the 
absence  of  PVA. 

3.3.  Cyclic  voltammetry  for  PtCo  in  0.5  mol  L-2  H2S04 

Cyclic  voltammograms  (CVs)  recorded  at  50mVs_1  in  02-free 
0.5  mol  L_1  H2S04  for  all  PtCo  films  obtained  in  the  PVA-containing 
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Table  1 

Atomic  compositions,  electroactive  area,  oxide  reduction  peak  potentials  and  half-wave  potentials  of  all  PtCo  films  employed  in  this  work. 


Electrodeposition  potential/V 
vs.  Ag/AgCl  (3M) 

EDX  atomic  nominal 
composition 

Electrochemical  active  Pt 
surface  area/cm2 

Oxide  reduction  peak 
potential/V 

£i/2/V  (RHE)  for  the  ORR 

1600  rpm,  5mVs-1 

With  1%  PVA 

Without  PVA 

With  1%  PVA 

Without  PVA 

With  1%  PVA 

Without  PVA 

With  1%  PVA 

Without  PVA 

-0.7  V 

Pt(100%) 

Pt2oCOgO 

0.43 

1.10 

N/Aa 

0.809 

0.773 

0.835 

-0.8  V 

Pt70CO30 

PtioCOgo 

1.30 

1.43 

0.786 

0.814 

0.849 

0.838 

-0.9  V 

Pt25Co75 

Pt5COg5 

2.65 

1.16 

0.806 

0.810 

0.889 

0.841 

-1  V 

PtioCOgo 

Pt4COg6 

1.14 

1.12 

N/Aa 

0.813 

0.838 

0.835 

a  For  the  electrodeposits  formed  at  -0.7  and  -1.0  V,  the  position  of  the  oxide  reduction  peak  could  not  be  determined  with  confidence. 


and  PVA-free  solutions  at  distinct  potentials  are  shown  in  Fig.  3.  The 
PtCo  films  prepared  in  the  PVA-containing  solution  (Fig.  3A)  exhib¬ 
ited  an  ill-defined  current  profile  in  the  Pt  Hupd  region  (0.05-0.4  V 
vs.  RHE),  despite  the  large  proportion  of  Pt  in  the  deposits.  The 
CV  currents  are  higher  for  the  PVA-protected  electrodeposits,  par¬ 
ticularly  for  that  obtained  at  -0.9  V  vs.  Ag/AgCl.  This  means  that 
the  surface  blocking  by  PVA  may  be  not  so  pronounced.  In  this 
sense  the  CV  may  represent  just  the  behavior  of  a  true  PtCo 
surface.  Oxidation/reduction  currents  above  0.7  V  vs.  RHE  are  char¬ 
acteristic  of  the  formation  of  oxygen-containing  species,  however 
processes  related  to  adsorbed  PVA  oxidation  cannot  be  discarded. 
The  distinct  electrodeposition  potentials  delivered  different  elec¬ 
trochemical  active  surface  areas.  Electrodeposits  prepared  at  -0.9  V 
vs.  Ag/AgCl  exhibited  the  highest  currents  in  the  hydrogen  adsorp¬ 
tion/desorption  region,  followed  by  those  formed  at  -1.0V  and 
-0.8  V  (both  presented  similar  currents)  and  -0.7  V  vs.  Ag/AgCl. 
In  Table  1  the  calculated  electrochemical  active  surface  areas  are 
shown  for  all  electrodes,  which  confirms  the  qualitative  trend 
described  above.  In  contrast,  all  electrodeposits  prepared  in  the 
absence  of  PVA  (Fig.  3B)  exhibited  similar  current  magnitudes  as 
a  result  of  comparable  electrochemical  surface  areas  (Table  1). 
Moreover,  the  CVs  depicted  a  more  defined  Pt  EIudp  region  when 
compared  to  those  films  obtained  in  the  presence  of  PVA,  charac¬ 
teristic  of  Pt  rich  surfaces  in  acid  media  [22,23].  Platinum  bimetallic 


alloys  with  3d  transition  metals  such  as  Ni,  Co,  Fe,  among  oth¬ 
ers,  are  known  to  be  unstable  materials  in  respect  to  the  surface 
dissolution  of  the  less  noble  element  in  acid  electrolytes  [24-27], 
forming  a  structure  with  a  Pt-rich  layer  generally  known  as  “Pt- 
skeleton”  [26,27].  The  similarities  of  the  cyclic  voltammograms 
in  Fig.  3B  indicate  that  the  effect  of  Co  dissolution  is  more  dras¬ 
tic  for  the  electrodeposits  produced  in  the  PVA-free  solution.  An 
important  observation  was  that,  just  after  immersion  of  the  films 
produced  in  the  PVA-free  solution  into  the  acid  electrolyte,  forma¬ 
tion  of  small  bubbles  on  the  film  surface  was  readily  visible  and 
the  open  circuit  potential  (OCP)  was  0  V  vs.  RHE.  Thermodynamic 
data  [28]  show  that  the  Co^Co2+  +  2e-  with  the  simultaneous 
formation  of  molecular  hydrogen  by  the  reaction  2H+  +  2e_  ->  H2 
is  a  spontaneous  chemical  redox  reaction.  The  formation  of  H2 
bubbles,  therefore,  explains  the  OCP  of  0  V  vs.  RHE  as  a  conse¬ 
quence  of  the  H+/H2  equilibrium.  In  contrast,  all  electrodeposits 
obtained  in  the  PVA-containing  solution  neither  exhibited  the 
same  qualitatively  effect  observable  by  naked  eye  nor  the  behav¬ 
ior  of  the  OCP.  This  result  suggests  that  PVA  helped  in  preventing 
Co  dissolution. 

An  important  finding  observed  in  the  CVs  of  Fig.  3  is  related  to  the 
position  of  the  oxide  reduction  peaks  (negative-going  sweep)  for 
the  PtCo  films  (see  Table  1 ).  According  to  several  works  [26,27,29], 
differences  in  the  position  of  the  oxide  reduction  peaks  can  be 


Fig.  2.  SEM  images  of  PtCo  obtained  in  l%(w/w)  PVA  +  3mmolL_1  H2PtCl6  +  0.11  molL-1  C0CI2  +0.1  molL-1  KCl  at  (A)  -0.7  V,  (B)  -0.8  V,  (C)  -0.9  V  and  (D)  -l.OVvs.  Ag/AgCl. 
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Fig.  3.  Cyclic  voltammograms  for  PtCo  films  electrodeposited  at  distinct  potentials 
in  (A)  PVA-containing  and  (B)  a  PVA-free  solutions.  Data  recorded  at  a  scan  rate  of 
50  mV  s_1  in  an  02-free  0.5  mol  L_1  H2SO4  solution. 


assigned  to  different  adsorption  strengths  of  oxygen-containing 
species.  In  general,  the  higher  the  reduction  overpotential,  the 
stronger  is  the  interaction.  This  effect  is  usually  explained  by 
downshifts  in  the  d-band  center  caused  by  subsurface  3d  alloy¬ 
ing  elements  [30,31].  Assuming  that  this  consideration  is  valid, 
one  concludes  that  the  film  obtained  at  -0.8  V  vs.  Ag/AgCl  in  the 
PVA-containing  solution  presents  a  stronger  interaction  with  oxy¬ 
genated  species  when  compared  to  the  films  electrodeposited  at 
-0.9  V  vs.  Ag/AgCl  in  the  same  conditions,  since  there  is  a  small  but 
significant  difference  of  20  mV  towards  less  positive  potentials  in 
the  peak  positions.  Among  the  electrodeposits  obtained  in  the  PVA- 
free  solution  there  are  only  minor  differences  in  the  oxide  reduction 
peak  (8  mV  or  less),  indicating  more  similar  adsorption  strengths  of 
oxygenated  species.  These  features  are  of  paramount  importance  in 
the  electrocatalysis  of  the  oxygen  reduction  reaction,  as  discussed 
in  the  following  section. 

3.4.  Oxygen  reduction  reaction  (ORR) 

Rotating  disk  electrode  (RDE)  experiments  were  carried  out 
(Fig.  4)  in  02-saturated  0.5  mol  L-1  H2S04  at  5  mV  s-1  and  1 600  rpm 
to  obtain  ORR  kinetics  for  the  PtCo  electrodeposits  produced  in 
the  presence  and  absence  of  PVA.  In  general,  the  diffusion  lim¬ 
ited  current  density  for  all  electrodeposits  were  about  5.5  mA  cm-2, 
which  is  in  agreement  with  published  data  obtained  under  similar 
experimental  conditions  [32-34].  Fig.  4A  shows  these  results  for 
the  PVA-protected  PtCo  electrodeposited  at  distinct  potentials  (i.e. 
-0.7  V,  -0.8  V,  -0.9  V  and  -1.0  V  vs.  Ag/AgCl).  The  values  of  half¬ 
wave  potentials  ( E ! /2,  listed  in  Table  1 )  clearly  indicate  that  the  PtCo 


Fig.  4.  Rotating  disk  electrode  experiments  for  the  oxygen  reduction  reaction  on 
PtCo  films  electrodeposited  at  distinct  potentials  ( 1 )  -0.7  V,  (2 )  -0.8  V,  (3 )  -0.9  V  and 
(4)  -1.0  V  vs.  Ag/AgCl  in  (A)  PVA-containing  solution  and  (B)  PVA-free  solution.  Data 
are  shown  for  the  positive-going  sweep  at  5mVs_1  and  1600  rpm  in  02-saturated 
0.5  mol  L-1  H2SO4  solution.  Currents  densities  normalized  by  the  geometric  area. 


films  produced  in  the  PVA-containing  solution  at  distinct  potentials 
have  different  activities.  A  huge  difference  of  116  mV  was  found 
between  the  E^2  of  the  PVA-protected  PtCo  films  electrodeposited 
at  -0.7  V  and  -0.9  V  vs.  Ag/AgCl,  with  the  later  displaying  the  high¬ 
est  electrochemical  activity.  In  terms  of  electrodeposition  potential, 
the  activities  at  the  F1/2  potential  followed  the  order  (vs.  Ag/AgCl): 
-0.9  V  >  -0.8  V  >  - 1 .0  V  >  -0.7  V.  Correlating  with  the  EDX  data,  the 
best  initial  film  composition  for  ORR  corresponded  to  Pt25Co75.  In 
contrast,  as  seen  in  Fig.  4B,  all  the  PtCo  films  electrodeposited  in 
the  absence  of  PVA  displayed  very  similar  activities,  showing  only 
minor  current  variations  (inset  in  Fig.  4B)  and  negligible  differ¬ 
ences  in  the  half-wave  potentials  (Table  1 ).  As  previously  reported, 
hydrogen  is  readily  formed  upon  the  PVA-unprotected  PtCo  film 
exposition  to  the  acid  medium.  Consequently,  Co  leaches  to  the 
solution  and  the  surfaces  of  the  films  are  then  constituted  of  pure 
Pt  (confirmed  by  EDX),  explaining  the  coincidental  activities.  This 
result  further  supports  the  hypothesis  that  PVA  prevented  drastic 
Co  dissolution. 

Although  the  E ^  /2  may  give  a  quantitative  measure  of  the  activity 
of  the  distinct  electrodes,  its  value  is  influenced  by  the  active  elec¬ 
trochemical  surface  area.  Note  that  the  current  densities  shown  in 
Fig.  4  were  reported  in  terms  of  the  geometric  area  of  the  electrode 
and,  therefore,  do  not  reflect  the  specific  activities  (the  current  per 
active  surface  area,  in  units  of  p^Acm-  2  real)  of  the  distinct  PtCo 
films.  In  order  to  compare  the  specific  activity  among  the  several 
electrodeposits,  the  currents  must  be  correct  for  mass-transport 
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Fig.  5.  Kinetic  current  densities  (specific  activities)  obtained  at  0.9  V  (RHE)  for  PtCo 
films  produced  in  PVA-containing  and  PVA-free  solutions  at  different  electrodepo¬ 
sition  potentials. 

process  according  to  the  following  equation  [35],  and  then  normal¬ 
ized  by  the  active  surface  area: 

h  =  ( id  x  0 /(»d  -  0 

where  “i”  is  the  measured  current,  “id”  is  the  diffusion-limited  cur¬ 
rent  and  “ik”  is  the  kinetic  current.  Specific  activities  at  0.9  V  vs. 
RHE  calculated  from  the  RDE  experiments  for  all  electrodeposits 
are  shown  in  Fig.  5.  The  specific  activities  of  the  electrodeposits 
prepared  in  the  presence  of  PVA  exhibited  a  strong  dependence 
with  the  electrodeposition  potential.  This  variation  can  be  corre¬ 
lated  with  the  distinct  initial  nominal  atomic  composition  (Table  1 ). 
As  suggested  by  Markovic  et  al.  [29],  the  composition  modulates 
the  Pt  5d-band  center  and,  therefore,  the  adsorptive  properties 
of  Pt-based  catalysts,  leading  to  different  strengths  of  interaction 
between  Pt  and  oxygen-containing  species.  Since  the  ORR  is  a 
multi-step  reaction  involving  adsorbed  intermediates  [30,36],  it 
is  expected  that  changes  in  the  adsorption  properties  affect  the 
catalytic  activity  towards  the  ORR.  The  CVs  for  PtCo  films  elec- 
trodeposited  at  -0.8  V  and  -0.9  V  vs.  Ag/AgCI  (Fig.  3A)  in  the 
PVA-containing  solution  did  show  significant  increase  of  the  poten¬ 
tial  of  the  oxide  reduction  peak  in  the  negative-going  sweep  (see 
Table  1).  Inspection  of  Fig.  5  reveals  ORR  specific  activities  of  3 13.7 
and  405.8  fxA  cm-2  for  the  PtCo  films  produced  at  -0.8  V  and  -0.9  V 
vs.  Ag/AgCI,  respectively.  The  clear  superior  electrocatalytic  activity 
presented  by  the  former  can  be  correlated  to  an  increase  of  20  mV 
in  the  oxide  reduction  peaks  (from  0.79  V  to  0.81  V  vs.  RHE)  of  the 
just-mentioned  PtCo  films  (see  Table  1 ).  On  the  other  hand,  the  PtCo 
films  produced  in  the  PVA-free  solution  presented  similar  values  for 
the  oxide  reduction  peak  (about  0.81  V  vs.  RHE),  and  therefore  the 
specific  activities  exhibited  minor  variations. 

In  spite  of  the  good  correlation  between  the  oxide  reduction 
peaks  and  the  electrochemical  activities,  a  possible  influence  of  PVA 
cannot  be  ruled  out.  The  oxide  reduction  potential  peak  of  the  PtCo 
films  electrodeposited  at  -0.9  V  vs.  Ag/AgCI  presented  very  simi¬ 
lar  values  (0.81  V)  regardless  of  electrodeposition  media  (with  or 
without  PVA),  but  the  electrochemical  activity  was  higher  for  films 
obtained  in  the  presence  of  PVA  (Fig.  5).  Although  the  presence  of 
PVA  at  the  catalyst  surface  may  influence  the  ORR,  to  date,  however, 
the  literature  completely  lacks  about  the  role  of  PVA  in  the  electro¬ 
catalysis  of  ORR.  Further  surface  analysis  (FTIR)  will  be  carried  out 
in  the  future  in  order  to  clarify  this  point. 

4.  Conclusions 

The  use  of  PVA  in  the  electrodeposition  of  PtCo  films  was  deci¬ 
sive  to  achieve  better  film  composition  control  and  high  activities 


for  ORR.  The  ORR  activities  for  films  produced  in  PVA-containing 
solutions  were  directly  dependent  on  the  electrodeposition  poten¬ 
tials,  while  films  electrodeposited  in  the  PVA-free  solutions 
displayed  roughly  coincidental  ones  regardless  of  the  applied 
potential.  Electrodeposition  has  proved  to  be  a  valuable  tool  for 
the  production  of  nanostructured  catalysts,  which  can  be  regarded 
as  “model  electrodes”  for  investigating  the  fundamental  aspects  of 
the  reactions  taking  place  in  fuel  cells. 
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